Jumping translocations (JT) are characterized by the relocalization of the same part of a donor to several recipient chromosomes. Although JT occasionally are constitutional, most are associated with hematologic malignancies. In such cases, JT usually arise during disease progression and are associated with poor prognosis. Despite its clinical importance, this cytogenetic phenomenon has not been characterized at the molecular level. We have analyzed JT in a juvenile chronic myelomonocytic leukemia that subsequently transformed to an acute myeloid leukemia. Detailed fluorescence in situ hybridization (FISH) analyses showed that the cytogenetically identical donor breakpoint at 3q21 was highly heterogeneous. In fact, more than 10 distinct breakpoints, four of which mapped within YACs, were identified. Analyses of samples during disease progression showed that the breakpoint complexity decreased, indicating clonal selection. Hence, the 3q21 breakpoints displayed a spatial as well as a temporal heterogeneity, revealing that JT are highly unstable, showing great variation in the size of donor segment. The breaks at the recipient chromosomes were mapped within the subtelomeric regions. The general telomere length was not affected and an underlying replication error resulting in microsatellite instability was excluded. We conclude that the emergence of JT is unlikely to cause fusion genes or to affect the expression of genes located in the breakpoint regions. The identification of YACs spanning the breakpoints, ie, YACs 913c7, 937g5, 948c2 and 955g1, may facilitate the isolation of DNA sequences leading to a genetic instability associated with the origin of multiple translocations.
Introduction
Jumping translocations (JT) are characterized by the relocalization of the same part of a donor to several recipient chromosomes. 1, 2 JT are primarily neoplasia-associated but are occasionally also found constitutionally. To date, JT have been reported in one solid tumor and in 18 various hematologic malignancies, mainly lymphoid disorders such as acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma (NHL). [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] As acquired abnormalities, JT are unbalanced, involve non-random donor and recipient chromosome regions, and are associated with disease progression and a usually fatal outcome. In fact, 11 of 16 reported cases with clinical information died shortly after the appearance of JT; four of the five patients who achieved complete remission had had ALL or NHL with t(8;14)(q24;q32). [2] [3] [4] [5] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The elucidation of the molecular mechanisms involved in the formation of JT may be of general importance, since their recurrent occurrence as well as their consistent cytogenetic donor breakpoints, suggesting the creation of chimeric proteins or abnormal gene expression, may provide an in vivo model of the origin of translocations. For this reason, we mol- ecularly characterized JT found in a juvenile chronic myelomonocytic leukemia (jCMML), a disease in which unbalanced translocations of 3q have been reported recurrently. 18, 19 Furthermore, the breakpoint in the present donor chromosome, 3q21, is frequently rearranged in myeloid malignancies, strongly suggesting the presence of genes of importance in leukemogenesis. [20] [21] [22] 
Materials and methods

Case history
A previously healthy 2-year-old boy was admitted to hospital due to bruises, recurrent infections, fever and coughing. He presented with hepatosplenomegaly, hemoglobin of 77 g/l, leukocytes of 62 × 10 9 /l and a platelet count of 27 × 10 9 /l. The bone marrow was hypercellular with myelodysplasia (MDS), consistent with a diagnosis of jCMML. No BCR/ABL fusion was detected. Initially, the therapy consisted of interferon-␣. Hydroxyurea was introduced 2. weeks later and after 5 months, low-dose cytosine arabinoside was added. At that time, splenectomy was performed. Bone marrow transplantation was not possible due to lack of donors. Although cytosine arabinoside treatment was intensified, the bone marrow blast frequency increased to 30-50% and 11 months after admission, transformation to an acute myeloid leukemia (AML) occurred. The boy expired 1 month later.
Cytogenetics
The cytogenetic investigation was performed by standard methods, and the description of karyotypes and the clonality criteria followed the recommendations of ISCN (1995). 23 
FISH and PRINS
FISH analysis was performed essentially as described previously. 24 Commercially available whole chromosome painting (wcp) probes were used to screen for rearrangements and duplications of chromosome 3 in the initial samples with normal karyotypes. Yeast artificial chromosome (YAC) probes (kindly provided by CEPH, Paris, France) close to the common cytogenetic breakpoint at 3q21 were chosen for mapping of the breakpoint (Figure 1 ). The YACs were included in two different contigs constructed at the Whitehead Institute for Genomic Research (Massachusetts Institute of Technology, Boston, MA, USA). In addition, YAC 904d1, covering the TFG gene at 3q11ෂ12, 25 was used as a centromeric marker of 3q, whereas YACs 883d12 and 909d10, mapped to 3q27ෂ28, were used as telomeric markers. The YAC probes were PCRamplified with inter-ALU-specific primers, 26 and labeled with biotin or digoxigenin, using random hexanucleotides (Amersham, Amersham Place, UK). Subtelomeric probes specific for the different donor chromosomes were generously provided by Dr L Kearney. 27 Primed in situ (PRINS) hybridization was performed to detect telomeric sequences, as previously described by Therkelsen et al. 28 
Southern blot analysis
A probe (7 × TTAGGG), which hybridizes to human telomeric sequences, was end-labeled with 32 P-␥-ATP using T4 polynucleotide kinase (Gibco, BRL, Gaithersburg, MD, USA), and hybridized with 5 g Hinf1-digested DNA according to Ohyashiki et al. 29 
Microsatellite instability analysis (MI)
The analyses were performed with microsatellite markers specific for 3p (D3S1312, D3S1300 and D3S1313), 15q (D15S210, D15S165 and D15S209) and 18q (D18S474, D18S363 and D18S364) (Research Genetics, Huntsville, AL, USA). The forward primer of each pair was end-labeled with 32 P-␥-ATP using T4 polynucleotide kinase. PCR was performed in 30 l reactions with 1.5 mM MgCl 2 , 200 M of each dNTP in PCR buffer (Perkin Elmer, Branchburg, NJ, USA), 0.13 M reverse primer, 0.065 M each of end-labeled and non-end-labeled forward primer and 1 unit Amplitaq Gold (Perkin Elmer). The DNA was amplified for 30 cycles at 94°C for 30 s, 55°C for 40 s and 72°C for 1 min, followed by 6 min extension at 72°C. The products were separated on a 6% polyacrylamide 7.7 M urea gel and exposed to X-ray film.
Results
Cytogenetics
The cytogenetic analysis at the time of diagnosis revealed a normal karyotype. Multiple cytogenetically abnormal clones appeared a few months later, most of which displayed a pseudo-diploid karyotype with JT involving 3q21ෂqter and the telomeric regions of several different chromosome arms (Table 1 and Figure 2 ). Two of these clonal aberrations, the der(7)t(3;7) and the der(15)t(3;15), were found in all the subsequent cytogenetic analyses performed during the disease course.
FISH and PRINS
The FISH studies performed on a sample before the JT appeared cytogenetically disclosed a small clone with +3 and one metaphase with an unbalanced translocation involving 
Figure 2
A partial karyotype of G-banded chromosomes, showing a normal chromosome 3, and the der(7), der(11), der(15), and der(22) with cytogenetically indistinguishable breakpoints at 3q21. chromosome 3 (Figure 3 ). The hybridizations (investigation 3/11/95, Table 1) showed that the cytogenetically identical breakpoint at 3q21 was highly heterogeneous at the molecular level. Six distinct breakpoints were identified, separated by several Mbp (Figure 1) . One of the unbalanced JT, a der(7)t(3;7), showed a break between YACs 857e12 and 812d2, within 937g5 (1.53 Mb) as determined by a reduction in signal intensity. The der(11)t(3;11), on the other hand, displayed two different breakpoints: between YACs 766f4 and 960d1, within 948c2 (1.09 Mb), in a major clone, der(11) 1 , and between YACs 819b5 and 961d7 in a minor clone, der(11) 2 . Furthermore, there were three different clones as regards 3q21 breakpoints attached to 15qter: der(15)t(3;15) 1 showed the same breakpoint as der (7), der(15)t(3;15) 2 the same as der(11) 2 , and the der(15)t(3;15) 3 displayed a breakpoint located between YACs 748g7 and 883d12. A fourth recipient, der(22)t(3;22), displayed two different 3q21 breakpoints; the first, der(22) 1 , was located between YACs 803f8 and 748g7, within YAC 913c7 (1.51 Mb), whereas the second, der(22) 2 , apparently had a similar breakpoint as the der(11) 2 and der(15) 2 . A fifth clone characterized by der(3)t(3;3) was identified by FISH only and was shown to have a break centromeric to YAC 819b5. However, too few cells were present to allow more detailed characterization of this breakpoint. At this disease stage, the der(11) 1 and der(15) 2 were the most frequent, seen in approximately 50 and 30% of the mitoses, respectively.
The detected spatial breakpoint heterogeneity among the JT prompted us to analyze cell preparations from later investigations, which displayed fewer clones and decreased complexity. However, three new derivative chromosomes appeared, ie der(15) 4 , der(15) 5 and der (22) 3 , and, furthermore, the size relationship between the clones shifted quite dramatically, indicating clonal selection. The analysis of bone marrow samples 2 months after the appearance of JT revealed nine clones with five different donor breakpoints (Figure 1 ). The der(15) 5 was now the most frequent aberration, present in more than 50% of the metaphases, with a breakpoint located between YACs 961d7 and 967h1, within 955g1 (1.15 Mb). This breakpoint was more distal than in the der(15) 2 -the second most common abnormality in the previous investigation -but proximal to the der(15) 3 . Another derivative chromosome, der (22) 3 , showed a similar breakpoint, whereas the second most frequent, the der(7), displayed the same breakpoint at the YAC level, within 937g5, as 2 months earlier.
Analyses from the next investigation 2 months later revealed a less complex karyotype with a der(7) and a der (15) 5 , showing similar breakpoints as in the previous investigation, within YACs 937g5 and 955g1, respectively. These were also the only two aberrations found, albeit in reversed frequencies, in (a) A single metaphase, prepared from a sample before the unbalanced JT appeared cytogenetically, with an unbalanced translocation involving chromosome 3 (wcp3 red signal). (b) Investigation 9/1/96. Hybridizations with YAC 955g1 (red) showed clearly weaker signals on the der(15) (red arrows) than on the normal chromosomes 3, indicating a break localized within this YAC. The breakpoint was confirmed in subsequent hybridizations with the overlapping YACs 961d7, located centromeric, and 967h1, located telomeric, which showed absence of signal and full signal, respectively. YAC 748g7 (green) was used for identification of 3q. This particular metaphase displayed two copies of the der(15), a gain detected in only two cells. (c) Hybridizations with subtelomeric probes. In these analyses YAC 883d12 (yellow) was used for identification of 3q. A: Metaphase showing the hybridization with subtelomeric probe for 7q (red), with a distinct signal at the normal chromosome 7 (red arrow). The der(7) chromosome (green arrow) displayed absence of signal, or in some metaphases, the presence of very weak signals, suggesting a breakpoint within this subtelomeric region. B: Part of a metaphase containing der (15) , showing that both chromosomes 7 were positive for the subtelomeric-7 probe (red). C: Hybridizations with a subtelomeric probe for chromosome 15 (red) showed full signal both at the normal chromosome 15 and the der(15). (d) PRINS did not reveal telomeric sequences (red) close to the fusion breakpoint, interstitially, on the der(15) (red arrow, complete metaphase to the left), or on the der(7) (partial karyotype to the right). Chromosome arm 3q was identified by YAC 883d12 (green).
the last investigation performed 1 week before the patient succumbed to the disease, ie 12 months after diagnosis. At this time, transformation to AML had occurred.
To analyze if the 3q21 breakpoint found in cases with inv(3)(q21q26) coincided with any of the breakpoints in the present case of JT, YACs 948c2, 937g5, 955g1 and 913c7 were hybridized to a bone marrow with inv(3). The two former YACs were located centromeric and the latter two YACs were located telomeric to this breakpoint.
We also mapped the recipient chromosomes' breakpoints, which were cytogenetically telomeric. However, hybridizations with a PRINS-labeled human telomere probe did not reveal such sequences close to the fusion breakpoints ( Figure 3 ). Slides hybridized with 7q and 15q subtelomeric probes showed signals at the der(15) and weak or absence of signals at the der(7) (Figure 3) .
Southern blot and microsatellite instability analyses
Southern blot analyses with a human telomere-specific probe did not show a general telomere shortening, neither during disease progression nor compared to a control sample (a similarly aged child; data not shown). Investigation with nine DNA markers from three different chromosomes did not indicate MI (data not shown).
Discussion
The present detailed FISH characterization of JT in a jCMML shows that the cytogenetically identical donor breakpoints were highly heterogeneous at the molecular level. The breakpoints differed not only between and within the different recipient chromosomes, but also with time. This unexpected finding indicates that JT are highly unstable, showing great variation in the size of donor segment (Figure 1) . Hence, the translocations are unlikely to cause fusion genes or to affect the expression of genes located in the breakpoint regions. Furthermore, the cytogenetically normal karyotype at diagnosis indicates that the JT were secondary to an underlying, submicroscopic, primary aberration. This interpretation is in line with previously reported hematologic malignancies showing JT together with well-known primary changes such as t(4;11)(q21;q23), t(8;14)(q24;q32), t(9;22)(q34;q11) and t(14;18)(q32;q21). 3, 4, 7, 11, 12, [14] [15] [16] However, the correlation between JT and disease progression, poor prognosis and, in the present case, the transformation of an MDS into AML, strongly indicates that JT are of pathogenetic and clinical importance. The donor region in the present case, 3q21, is recurrently involved in translocations and inversions in AML and MDS, eg, inv(3)(q21q26), t(3;3)(q21;q26), t(1;3)(p36;q21) and t(3;5)(q21;q31). 21, 22 The two former abnormalities have been reported to result in the relocalization of an enhancer close to the RPN1 gene at 3q21 to the EVI1 gene at 3q26, leading to increased transcription of this gene. 30 Hybridizations to cells from a bone marrow with inv(3)(q21q26) showed RPN1 to be located outside the two donor chromosome breakpoint cluster regions in the present case (Figure 1 ). The 3q21 breakpoint in the present case of JT is therefore distinct from the one found in cases with inv(3).
We mapped the recipient breakpoints within the subtelomeric regions. PRINS did not reveal human telomere sequences close to the breakpoints, confirming the data recently reported by Gray et al. 17 This seems to be in contrast to constitutional JT, which have interstitial telomeric sequences close to the breakpoints. [31] [32] [33] [34] JT in such cases are, however, also cytogenetically different compared to hematologic malignancies -they preferentially involve other donor chromosome regions and are not trisomic for the jumping region. [31] [32] [33] [34] [35] Altogether, the widespread temporally heterogeneous breakpoints of the donor chromosome and the subtelomeric breakpoints on the recipient chromosomes indicate a complex origin of JT: the multiple clones most likely arose more or less simultaneously, followed by clonal selection. In this context, it is noteworthy that a small clone with +3 preceded the unbalanced JT.
The underlying mechanism of JT is unknown, but it has been proposed that they could be induced by viral infection 3 or by activated endogenous viruses, as supported by the observation of frequent JT in SV40-transformed human fibroblasts and epithelial cells. 36, 37 This may cause recombination between multiple homologous viral-derived sequences and subsequent clonal selection. Recombination may also be postulated to occur between similar, perhaps highly repetitive DNA sequences. In fact, the majority of JT donor chromosome breakpoints reported in hematologic malignancies have been located within constitutive heterochromatic regions, in particular proximal 1q. [2] [3] [4] [5] 7, 8, [10] [11] [12] [13] [15] [16] [17] The recipient breakpoints are regularly reported to be cytogenetically telomeric. It is tempting to speculate that a general shortening of telomeric sequences would increase the susceptibility for such illegitimate recombinations, facilitating the origin of multiple rearrangements, ie, jumping translocations. Telomere shortening has previously been reported to be associated with disease progression and complex karyotypes in MDS. 29 However, Southern blot analyses with a human telomere-specific probe did not indicate a general telomere shortening in the present case of JT. Another possibility was also excluded, ie, an underlying replication error resulting in MI. Such instability is frequent in several neoplasms, particularly in solid tumors but is sometimes also seen in leukemias. 38 In the present case, however, an investigation with nine DNA markers from three different chromosomes did not reveal any MI. Thus, these findings argue against the involvement of repetitive telomeric sequences and replication error in the genesis of JT.
The FISH analyses of the present JT revealed a spatial as well as a temporal breakpoint heterogeneity at the donor chromosome. The corresponding breaks at the recipient chromosomes were mapped within the subtelomeric regions. The emergence of JT, which undoubtedly is of pathogenetic and clinical importance, indicates that JT are highly unstable and result in extensive deletions on the donor chromosomes. The identification of YACs spanning the breakpoints, ie YACs 913c7, 937g5, 948c2 and 955g1, hence may facilitate the isolation of DNA sequences leading to a genetic instability associated with the origin of multiple translocations.
